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Summary
Objective: The objective of this study was to test the hypotheses that chondrocytes from distinct regions of the porcine tibial plateau: (1)
display region-speciﬁc baseline gene expression, and (2) respond differently to in vitro mechanical loading.
Methods: Articular cartilage explants were obtained from central (not covered by meniscus) and peripheral (covered by meniscus) regions of
porcine tibial plateaus. For baseline gene expression analysis, samples were snap frozen. To determine the effect of mechanical loading,
central and peripheral region explants were exposed to equivalent dynamic compression (0e100 kPa) and compared to site-matched free-
swelling controls (FSCs). mRNA levels for type II collagen (CII), aggrecan (AGGR), matrix metalloproteinase 1 (MMP-1), MMP-3, MMP-13,
A disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAM-TS4), ADAM-TS5, tissue inhibitor of metalloproteinases 1
(TIMP-1), TIMP-2, and tumor necrosis factor alpha (TNFa) were quantiﬁed using real time polymerase chain reaction (RT-PCR).
Results: At baseline, mRNA levels for the structural proteins CII and AGGR were approximately twofold greater in the central region compared
with peripheral region explants. In vitro dynamic compression strongly affected expression levels for CII, AGGR, MMP-3, and TIMP-2 relative
to FSCs. Response differed signiﬁcantly by region, with greater upregulation of CII, AGGR, and MMP-3 in central region explants.
Conclusions: Chondrocytes from different regions of the porcine tibial plateau express mRNA for structural proteins at different levels and re-
spond to equivalent in vitro mechanical loading with distinctive changes in gene expression. These regional biological variations appear to be
related to the local mechanical environment in the normal joint, and thus may indicate a sensitivity of the joint to conditions that alter joint
loading such as anterior cruciate ligament (ACL) injury, meniscectomy, or joint instability.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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It has been suggested that spatial variations in articular car-
tilage content and structure within the knee joint arise in re-
sponse to the local mechanical environment created by
heterogeneities in load distribution1. Particularly in the tibial
plateau, spatial variations appear to correlate with regions
of functional load bearing. The central tibial cartilage not
covered by the menisci, which tends to experience greater
contact pressures during weight-bearing activity2e5, tends
to be thicker6,7, have greater proteoglycan (PG) content1,8,9,
lower CII content9, and different structure9e14 relative to the
peripheral cartilage covered by the menisci. In this sense,
regions of cartilage appear to be adapted to their local me-
chanical environments. Interestingly, conditions that cause
chronic loss of stability in the knee, such as anterior cruciate
ligament (ACL) injury15e19 and meniscectomy20e23, have
been observed to precede degenerative changes in articu-
lar cartilage. It has been suggested24,25 that such chronic*Address correspondence and reprint requests to: Dr. Scott L.
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980kinematic changes may alter the pattern of habitual loading
in the joint and expose chondrocytes to mechanical stimuli
to which they are unaccustomed26,27, leading to attempted
matrix remodeling or catabolism. As yet it is unknown
whether chondrocyte populations in different regions of
the knee respond differently to equivalent tissue-level me-
chanical loading.
Chondrocytes are responsible for synthesis, assembly,
and degradation of the cartilage extracellular matrix
(ECM). These cells are metabolically active and have
been shown to respond to a wide array of mechanical stim-
uli through changes in gene expression and protein synthe-
sis. Indeed, expression levels of many of the principal
genes associated with matrix synthesis and turnover,
such as structural proteins (type II collagen (CII), aggrecan
(AGGR), link protein), proteases (matrix metalloproteinase
(MMP-1), MMP-2, MMP-3, MMP-9, MMP-13, a disintegrin
and metalloproteinase with thrombospondin motifs
(ADAM-TS4), ADAM-TS5) and their inhibitors (TIMP-1,
TIMP-2), inﬂammatory cytokines and signaling molecules
(interleukin 1 beta (IL 1B), cyclooxygenase (COX-2), trans-
forming growth factor beta (TGFB)), and transcription fac-
tors (Sox9, c-Fos, c-Jun) may be affected by mechanical
loading28e35. It might then be expected that the different
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gions of the joint would result in altered transcription of
these genes, but little is known regarding spatial variations
in cell activity within the joint. Studies examining metabolic
differences between chondrocytes from various regions of
the knee joint have primarily focused on PG metabolism
in cultured explants1,8,36,37. Within the tibial plateau, carti-
lage not covered by the meniscus has greater total glycos-
aminoglycan (GAG) content but shows lower sulfate
incorporation rates in culture compared with peripheral
region cartilage covered by the meniscus1,8. That the
observed metabolic differences were due to differences in
loading history is further supported by the fact that chondro-
cytes from regions with similar load-bearing roles, such as
the medial femoral condyle, lateral femoral condyle, and
trochlear groove, show similar GAG synthesis rates in cul-
ture1,8,37 and gene expression levels for CII and AGGR38.
Beyond PG metabolism, however, it is not known whether
chondrocytes in central and peripheral regions of the tibial
plateau will exhibit phenotypic differences or altered re-
sponse to mechanical loading.
Using real time RT-PCR we examined the relative ex-
pression levels of 10 genes involved in matrix synthesis
and turnover, including CII, AGGR, MMP-1, MMP-3,
MMP-13, ADAM-TS4, ADAM-TS5, TIMP-1, TIMP-2, and
TNFa. mRNA levels were quantiﬁed in explants either
immediately upon removal from the joint (baseline) or
following a period of in vitro mechanical loading. Our
hypotheses were that chondrocytes from central and
peripheral regions of the porcine tibial plateau would: (1)
display region-speciﬁc gene expression; and (2) respond
differently to in vitro mechanical loading.Materials and methodsTISSUE EXPLANT AND CULTUREArticular cartilage was obtained from the stiﬂe joints of healthy 6e8 month
juvenile pigs within 4 h of sacriﬁce; the animals were sacriﬁced for an unre-
lated study. The joints were opened under aseptic conditions and rinsed
periodically with phosphate-buffered saline (pH 7.2, Invitrogen, Carlsbad,
CA) during sample harvesting. Using an Osteochondral Autograft TransferFig. 1. Tibial plateau cartilage explant removal sites relative to me-
dial and lateral menisci (gray). Central region explants are removed
from regions of cartilage at meniscal margin (not covered by menis-
cus) and peripheral region explants removed from cartilage fully
covered by meniscus.System ﬁtted with a 6 mm harvester (Arthrex, Inc., Naples, FL), full-depth
cylindrical cartilage explants were removed from four regions of the tibial
plateau, speciﬁcally the medial central (not covered by meniscus), medial pe-
ripheral (covered by meniscus), lateral central, and lateral peripheral regions
(Fig. 1). The underlying bone was removed at the subchondral interface with
a razor blade. For the study of baseline gene expression patterns, cartilage
explants from 10 joints (n¼ 20 central region explants, n¼ 20 peripheral re-
gion explants) were snap frozen in liquid nitrogen and stored at 80C for
subsequent analysis.
Cartilage explants for the in vitro mechanical loading study were taken
from the paired left and right hindlimbs of 10 pigs as in Fig. 1 and initiated
in culture. Prior to mechanical compression explants were incubated for
48e72 h at 37C and 5% CO2 in individual wells of a 12-well plate containing
4 ml Dulbecco’s Modiﬁed Eagle’s Medium supplemented with 10 mM N-2 hy-
droxyethylpiperazine-N-2-ethanosulphonic acid (HEPES) buffer (Invitrogen,
Carlsbad, CA), 10% qualiﬁed fetal bovine serum (Invitrogen, Carlsbad,
CA), 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Carlsbad,
CA). Medium was exchanged every 48 h.MECHANICAL LOADINGMechanical compression was applied using a custom fabricated, incuba-
tor-housed, pneumatic loading device consisting of four cylindrical thermo-
plastic polymer wells for simultaneous loading of multiple explants in
unconﬁned compression (Fig. 2), similar to compression systems utilized
in other studies31,39,40. Each well was separated from a common pressure
chamber by ﬂexible polyurethane ﬁlm such that when the chamber was pres-
surized the ﬁlm would deﬂect. Cartilage explants were centered on the poly-
urethane foundation of each well; radial position of explants was maintained
with stainless steel spacers while stainless steel loading posts with polished
ﬂat ends were lowered into contact with the articular surface of each sample.
Thus, positive pressurization of the chamber compressed samples between
the foundation and the stationary platen while ports near the loading posts
prevented pressurization of the media. Chamber pressure was regulated us-
ing a DC actuated, three-way ball valve connected to a regulated pressure
supply at one terminal and vented to ambient pressure at the other. Load
magnitude was adjusted from the regulated air supply and monitored with
an inline manometer, while loading frequency could be altered by varying
the DC power to the valve actuator. The loading duty cycle was ﬁxed at
50% due to the three-way valve conﬁguration. The loading device was cali-
brated using a Flexiforce A201 force sensor (Tekscan, Inc., South Boston,
MA) and LabVIEW 8.5 (National Instruments, Austin TX) for data acquisition.
The force sensor was placed between the loading post and a loading spec-
imen and the axial compressive stress (force/area) applied to the explant
was then recorded for a range of input pressures between 0 and 110 kPa
[Fig. 3(a)]. A sample waveform at 100 kPa was also collected to verify that
full loading and unloading of the explant were achieved [Fig. 3(b)].
Four explants from a single knee were placed in the individual loading
chambers of the compressor with 4 ml fresh media per explant and subjected
to unconﬁned compression while the explants from the contralateral joint were
maintained in free-swelling culture conditions in fresh media to serve as un-
loaded controls. Assignment of left and right knees to compression and free-
swelling control (FSC) groups was randomized. There were 20 central region
and 20 peripheral region explants in each FSC and compression groups (80
total explants). Loaded samples were dynamically compressed from 0 to
100 kPa at 0.5 Hz for 6 h. Following compression, loaded and FSC explants
were snap frozen and stored at 80C for subsequent analysis.
In addition to cyclic strains, load-controlled dynamic compression pro-
duces a cumulative creep consolidation that is essentially driven by the
non-zero mean applied stress. As static and dynamic compressions are
known to have distinct effects on chondrocyte gene expression and protein
synthesis we also sought to determine the cyclic and creep strains by central
and peripheral region explants under the speciﬁed loading regime. Thus,
eight additional cartilage explants (four central region, four peripheral region)
were subjected to mechanical compression using an MTS 858 Mini Bionix II
(MTS, Eden Prarie, MN) device ﬁtted with ﬂat impermeable stainless steel in-
denter and base. Specimen thickness was measured under application of
a 0.01 N tare load, after which a nominal square wave [0e100 kPa at
0.5 Hz, cf. Fig. 3(b)] was applied for 6 h.RNA ISOLATION, REVERSE TRANSCRIPTION, AND
REAL-TIME PCRCartilage explants were minced into w1 mm3 pieces, placed in 1 ml TRI-
zol Reagent (Invitrogen, Carlsbad, CA), and allowed to incubate at room tem-
perature for 10 min according to manufacturer’s protocol. Chloroform was
added (20% v/v) and following 20 min of incubation at 20C the mixture
was centrifuged at 12,000g for 25 min at 4C. To precipitate the RNA, the
aqueous phase was transferred to a fresh tube containing 0.5 ml isopropa-
nol, incubated at 20C for 15 min, and centrifuged 12,000g for 15 min at
4C. The supernatant was removed, after which the RNA pellet was washed
with an addition of 1 ml 75% ethanol. Brief vortexing dislodged the pellet and
Fig. 3. (a) Calibration curve for pneumatic explant compression
device and (b) sample waveform applied to cartilage explant.
Fig. 2. Schematic illustrating two of four chambers of the pneumatic explant compression device. Four inline chambers allowed simultaneous
loading of up to four cartilage explants in unconﬁned compression.
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pellet was allowed to air-dry for 5 min and resuspended in 10 ml UltraPure
DNase/RNase-free distilled water (Invitrogen, Carlsbad, CA). RNA concen-
tration and purity were determined by absorbance measurements at
260 nm and 280 nm.
Reverse transcription was performed with 1.5 mg RNA from each sample
using the GeneAmp RNA PCR Core Kit (Applied Biosystems, Foster City,
CA) and Eppendorf Mastercycler thermocycler (Eppendorf, Westbury,
NY). Real-time polymerase chain reaction (PCR) for gene expression quan-
titation was performed with the Applied Biosystems 7900HT system using
SYBR Green master mix (Applied Biosystems, Foster City, CA) and each
reaction was run in triplicate. Porcine-speciﬁc primers for CII, AGGR,
MMP-1, MMP-3, MMP-13, ADAM-TS4, TIMP-1, TIMP-2, and TNFa were
taken from literature (Table I), while primers for the porcine 18s rRNA (Ac-
cession number AY265350) sequence were designed with Primer Express
(Applied Biosystems, Foster City, CA) (Table I). No appropriate sequence
could be located for porcine ADAM-TS5, thus primers for human ADAM-
TS541 were used. Ampliﬁcation curves for each gene were recorded and rel-
ative expression levels between samples were quantiﬁed using the relative
standard curve method (ABI Prism 7700 User Bulletin #2). Seven serial di-
lutions of stock cDNA (from 1:4 to 1:256) were made to ensure that the
standard curve would encompass the range of concentrations observed in
samples; separate cDNA stocks were used in baseline and mechanical
compression portions of the study. Samples were normalized by endoge-
nous control 18s ribosomal RNA. Cycle threshold level was selected auto-
matically by the ABI software and manually checked to ensure that it
crossed in the log-linear phase of ampliﬁcation. Mechanically compressed
samples were always run on the same plate as their site-matched unloaded
controls.DATA ANALYSIS AND STATISTICSAll statistics were performed with Minitab 15 (Minitab Inc., State College,
PA). Baseline mRNA levels in the central and peripheral regions of the tibial
plateau were compared using a three-factor mixed effects General Linear
Model treating region (central/peripheral) and plateau (medial/lateral) as
ﬁxed factors and donor as a random factor. In order to compare the re-
sponse to in vitro mechanical loading by region and account for the fact
that expression in central and peripheral region FSCs would not necessarily
be equal, the ratios of expression levels in dynamically compressed ex-
plants to expression levels in the site-matched FSCs from the contralateral
knee were computed. Ratios were transformed via log transformation to
achieve normality (determined via AndersoneDarling normality test) and an-
alyzed with a three-factor, mixed effects General Linear Model again treat-
ing region (central/peripheral) and plateau (medial/lateral) as ﬁxed factors
and donor as a random factor. Bonferroni adjusted Student’s t tests were
used for post hoc comparisons, with a value of P< 0.05 indicating
signiﬁcance.
Table I
Primer sequences used for real time RT-PCR
Target gene Forward primer (50e30) Reverse primer (50e30) Reference
AGGR TGCAGGTGACCATGGCC CGGTAATGGAACACAACCCCT 70
CII (a1) CCATCTGGCTTCCAGGGAC CCACGAGGCCAGGAGCT 70
MMP-1 CGTGCCATTGAGAAAGCCTT GTCTGCTTGACCCTCGGAGA 70
MMP-3 TCCTGATGTTGGTTACTTCAGCAC TTGACAATCCTGTAAGTGAGGTCATT 70
ADAM-TS4 ACCTACCTGACTGGCACCATCAA CATCTTGTCATCTGCCACCACCA 71
ADAM-TS5 (human) CGCTGCCACCACACTCAA CGTAGTGCTCCTCATGGTCATCT 41
MMP-13 CCAAAGGCTACAACTTGTTTCTTG TGGGTCCTTGGAGTGGTCAA 70
TIMP-1 CGCCTCGTACAAGCGTTATGA TAGATGAACCGGATGTCAGGG 70
TIMP-2 CTCGCTGGACATCGGAGG AGGGCACGATGAAGTCACAGA 70
TNFa CCACGTTGTAGCCAATGTC CTGGGAGTAGATGAGGTACAG 72
18s TTTAATATACGCTATTGGAGCTGGAA GGATCCATTGGAGGGCAAGT
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LOADINGInitial thickness was signiﬁcantly greater in central
(1.41 0.04 mm) compared with peripheral region
(1.05 0.09 mm) explants (P¼ 0.011). Cyclic strain (on
the order of 2e3%) did not differ signiﬁcantly between re-
gions at any time during the loading, but creep strain was
markedly greater in peripheral compared with central region
explants. Cumulative creep strains after 600 s of loading
were 5.8 2.5% and 13.5 2.0% in central and peripheral
regions, respectively (P¼ 0.052); after 6 h, creep strains
rose to 10.8 2.9% and 19.3 1.2% in central and periph-
eral regions, respectively (P¼ 0.037).REGIONAL VARIATIONS IN GENE EXPRESSIONAt baseline, signiﬁcant differences in mRNA levels for
several genes were observed between central and periph-
eral region cartilage, with greater expression levels for
structural matrix proteins observed in the central region
explants. CII expression was signiﬁcantly greater in the
central region compared with the peripheral region
[2.0 0.2 fold, P¼ 0.005, Fig. 4(a)]. Similarly, mRNA
levels for AGGR were 2.3 0.2 fold greater in central re-
gion compared with peripheral region tissue (P¼ 0.006).
mRNA levels for the degradative enzymes and protease
inhibitors studied, however, did not differ signiﬁcantly be-
tween regions of the joint [Fig. 4(b,c)]. Neither TNFa nor
ADAM-TS4 were expressed at detectable levels at
baseline.EFFECT OF MECHANICAL COMPRESSIONFig. 4. Baseline expression levels for (a) CII and AGGR, (b) MMP-1,
MMP-3, MMP-13, and ADAM-TS5, and (c) TIMP-1 and TIMP-2 in
central and peripheral region cartilage explants (*P< 0.05).Gene expression analysis indicated that dynamic com-
pression strongly affected chondrocyte gene expression
relative to FSCs, and that the response was signiﬁcantly
different between central and peripheral region explants.
The structural matrix proteins CII and AGGR appeared
to be the most mechanosensitive of the genes examined.
Dynamic compression resulted in CII upregulation in
both central (2.5 0.9 fold, P< 0.001) and peripheral
(1.5 0.4 fold, P< 0.001) region explants, but the upregu-
lation was signiﬁcantly greater in the central region
[P¼ 0.032, Fig. 5(a)]. Dynamic compression signiﬁcantly
increased AGGR expression in central region explants
(2.4 0.7 fold, P< 0.001) but the upregulation in peripheral
region explants was not signiﬁcant (1.6 0.4 fold,
P¼ 0.108); the response between regions, however, was
Fig. 5. Relative expression levels for (a) CII and AGGR, (b) MMP-1,
MMP-3, MMP-13, and ADAM-TS5, and (c) TIMP-1 and TIMP-2 in
central and peripheral region cartilage explants. White bars indicate
central region, gray bars indicate peripheral region and hatched ﬁll
indicates in vitro dynamic compression. * indicates signiﬁcant differ-
ence in dynamic compression and FSC mRNA level within a region
(P< 0.05), y indicates signiﬁcant difference between central and
peripheral region response to dynamic compression (P< 0.05).
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ined, only MMP-3 was signiﬁcantly affected by dynamic
compression [Fig. 5(b)]. MMP-3 was signiﬁcantly upregu-
lated in central region explants (1.7 0.4 fold, P¼ 0.029),
but not in peripheral region explants (1.1 0.6 fold,
P> 0.5). These regional responses were signiﬁcantly dif-
ferent (P¼ 0.026). Although mRNA levels for TIMP-1
were not signiﬁcantly affected by dynamic compression,
there was an upregulation for TIMP-2 in both central
(1.4 0.3 fold, P¼ 0.012) and peripheral (1.3 0.4 fold,P¼ 0.025) region explants; the responses did not differ sig-
niﬁcantly by region [P> 0.5, Fig. 5(c)]. TNFa and ADAM-
TS4 were expressed at detectable levels in less than
one-fourth of the 80 total explants in dynamic compression
and FSC groups. No trends were evident, as the samples
expressing these genes were divided evenly among region
(central/peripheral) and load (dynamic compression/FSC)
groups.Discussion
The results of this study demonstrate that chondrocytes
from central and peripheral regions of the porcine tibial pla-
teau constitutively express mRNA for cartilage structural
proteins in different baseline levels, and that cells from dif-
ferent regions respond differently to equivalent tissue-level
mechanical loading in vitro. Earlier studies have explored
the potential presence of distinct cell populations within car-
tilage of the knee, but have focused almost exclusively on
PG metabolism1,8,36,37. This study further describes re-
gional variations in chondrocyte activity by quantifying
baseline mRNA levels of 10 genes including structural ma-
trix proteins, proteases and their inhibitors, and an inﬂam-
matory cytokine implicated in the initiation of osteoarthritis
(OA)42e44.
At baseline, only mRNA levels for the structural proteins
CII and AGGR differed between central and peripheral
regions, with greater levels observed in central region carti-
lage. The cause of the baseline variations in expression of
CII and AGGR are not fully understood. However, our ob-
servation of greater levels of AGGR mRNA in central region
cartilage is consistent with previous biochemical analyses
that have described approximately 50% greater PG content
in the central regions of canine and ovine tibial plateaus
relative to peripheral regions1,8,9,36. Studies of human carti-
lage morphology have reported that the thickest regions of
tibial plateau cartilage occur in areas of cartilageecartilage
contact6,7 (i.e., central tibial plateau not covered by the me-
niscus), and thus likely occur as a positive response to the
greater local compressive loads experienced during weight-
bearing activities2e5. Given the compressive load-bearing
role attributed to PG in cartilage45e47, the increased central
region PG content and AGGR mRNA levels may also rep-
resent a functional adaptation to increased mechanical
loading. The role of the local mechanical environment in
the development of these spatial variations is supported
by the fact that regional variations in PG synthesis are not
observed in neonatal cartilage not yet exposed to substan-
tial in vivo mechanical loading1. Furthermore, the differ-
ences in CII and AGGR mRNA expression reported here
are not observed in knee joint cartilage from spatially dis-
tinct regions with similar load-bearing roles, such as the me-
dial femoral condyle, lateral femoral condyle, and trochlear
groove38. The regional differences in CII expression may
similarly be related to differences in the local mechanical
environment, but do not correspond with biochemical anal-
yses showing greater CII content in the periphery of the
ovine tibial plateau9. These baseline mRNA levels for CII
may have limited importance, though, since collagen turn-
over in the healthy joint is relatively slow48,49. An alternative
explanation is that these functionally similar structural
proteins may be co-expressed by the chondrocyte28 with
translational and posttranslational control mechanisms reg-
ulating synthesis and assembly into the ECM.
AGGR and CII expression in free-swelling explants from
both regions decreased relative to baseline levels and,
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In response to equivalent levels of dynamic compression,
though, the changes in expression of these genes were sig-
niﬁcantly different by region: there was an upregulation of
both CII and AGGR relative to FSCs, but the upregulation
was signiﬁcantly greater in central region compared with pe-
ripheral region explants. It should be noted that dynamic
compression will not necessarily result in upregulation of
structural proteins such as CII and AGGR50, and differ-
ences in loading waveform, animal species and age, and
culture conditions may account for apparent discrepancies
in the literature. In contrast to the changes in mRNA levels
for structural proteins, dynamic compression had little effect
on the expression of matrix proteases. Only the expression
of MMP-3 was strongly affected by dynamic compression,
with a signiﬁcant upregulation in central region but not pe-
ripheral region explants. Although MMP-3 lacks the capac-
ity to degrade the most abundant structural proteins in
articular cartilage, it is thought to play a role in the initiation
of OA51 and may serve as a predictor of disease progres-
sion52. Increased MMP-3 expression53 and concentration
in the synovial ﬂuid54 are associated with late-stage joint dis-
ease, but are also evident following acute and chronic joint
destabilizing events in both humans and animals55e57. There
was also a mild upregulation of TIMP-2 in response to dy-
namic compression. Importantly, TIMPs have the ability to ir-
reversibly inhibit protease activity and are thought to have
greater activity in articular cartilage than high molecular
weight general protease scavengers (e.g., a2-macroglobulin)
which have limited potential to diffuse into the tissue56.
As discussed previously, load-controlled dynamic com-
pression produces cyclic and cumulative creep strains,
with cumulative consolidation depending on both the
mean applied stress and the equilibrium compressive stiff-
ness of the sample. This may be a physiologically relevant
effect, as creep consolidation occurs in vivo in knee joint
cartilage following extended periods of weight-bearing activ-
ity58. Mechanical testing indicated that under the speciﬁed
loading regimen used in this study, cyclic strains ranged
from 2% to 3% and did not differ between central and pe-
ripheral region explants; however, substantial differences
in consolidation were observed in as little as 600 s of load-
ing. At the end of the 6 h loading series, creep strain in pe-
ripheral region explants (19.3 1.2%) was nearly twice that
observed in central region explants (10.8 2.9%,
P¼ 0.037). The suppressive effect of static compression
on the expression33,59 and synthesis60e65 of structural pro-
teins by chondrocytes has been well documented, and may
well provide a partial explanation for the regional variations
in response to equivalent mechanical loading. That is, the
greater upregulation of both CII and AGGR in central region
compared with peripheral region cartilage explants may
simply reﬂect the lesser creep consolidation experienced
by those samples under dynamic compression. The regional
variations in cartilage matrix composition and structure may
in fact represent an adaptation to local mechanical loading
by which areas of cartilage subjected to greater contact
stresses also have enhanced mechanical properties, result-
ing in relatively homogeneous consolidation under normal
loading in vivo. If a joint destabilizing injury (e.g., ACL rup-
ture) resulted in increased loading of peripheral region carti-
lage, though, the ensuing increase in consolidation might
represent a vulnerability of the joint to kinematic changes.
In addition to the observed variations in tissue-level
strains, it is also possible that the cell-level mechanical stim-
uli experienced by chondrocytes within central and periph-
eral region explants are different even under equivalenttissue-level loading. In situ chondrocyte deformation is af-
fected not only by local ECM strains, but also by orientation
of ECM structural proteins66. Thus, variations in matrix
organization9,12e14, content1,8e10,67 and mechanical prop-
erties9,14,68, and chondrocyte morphology1,10e12 across
the tibial plateau could contribute to altered internal load
distribution within the tissue, altered mechanical stimuli
perceived at the cellular-level, and consequently altered bi-
ological response by chondrocytes even under similar bulk
tissue strains. The regional variations in tissue mechanical
response to loading reported here and variations in matrix
content and structure described by others should not sug-
gest that these are the only factors responsible for the ob-
served differences in chondrocyte gene expression. For
example, chondrocyte populations from the central and pe-
ripheral regions of the tibial plateau have been character-
ized as phenotypically distinct by demonstrating that these
cells synthesize PGs in different amounts whether cultured
in situ or isolated from their native matrix1 and also respond
differently to application of exogenous transforming growth
factor beta (TGF-b) with69. Whether these differences extend
to altered mechanosensitivity remains to be determined.
Taken in whole, there were anabolic, catabolic, and anti-
catabolic components to the chondrocyte response to dy-
namic compression. Translational and posttranslational
events as well as mechanisms involved in the activation
of proenzymes make it difﬁcult to correlate mRNA and
protein levels; however, the mRNA levels may suggest an
attempt at matrix remodeling, with a more marked response
in central region cartilage. Future work analyzing regional
variations in response to mechanical loading at the protein
level should be conducted to verify the results of this study.
In summary, the results of this study support our hypoth-
eses that chondrocytes in different regions of the porcine
tibial plateau constitutively express mRNA for structural pro-
teins at different levels and also respond to in vitro mechan-
ical loading with distinctive changes in gene expression.
The presence of these distinct cell populations appears to
be related to the mechanical environment within the joint,
and consequently may represent a basis for cartilage
degeneration in cases of altered joint loading24,25,27 due
to ACL injury, meniscectomy, or joint instability. Further
investigation of mechanical, biological, and biochemical
factors governing cartilage health, with focus on regional
variations in cell activity, may provide unique insight into
the mechanisms responsible for the initiation of OA.Conﬂict of interest
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